Abstract-This paper introduces a new method of removing thermal overloads and voltage limits in an electric power system by means of the Evolution of Corrective and Preventive control Actions (ECPA). The goal is to find the minimum number of control actions that solve the identified limit violations at minimum cost. A recombination operator based on form theory allows the codification of control actions in a natural and simple way. ECPA has been tested on the IEEE 30-bus and the IEEE 118-bus systems. The limit violations are solved at minimum cost and with fewer control actions on average than alternative methods.
I. INTRODUCTION
T HE aim of an electric power system (EPS) is to provide electricity supply ensuring an appropriate level of security. In order to guarantee the security, it is essential that the EPS remains in its normal state of operation [1] . In the normal state, all the energy demand is provided at the adequate voltage and frequency levels, and all the elements of the EPS work within their thermal limits. Moreover, an EPS in its normal state of operation must fulfill these security requirements under contingency, which can be defined as a perturbation giving rise to the loss of one or more elements of the EPS.
If an EPS that is functioning in its normal state fails to comply with the security requirements under contingency, but keeps fulfilling the rest of conditions, it is said to be in its alert state [2] or, according to other authors, unsecure normal state [3] . The actions that must be taken to return the EPS to its normal state are named preventive control actions. When some elements of the EPS are working beyond its thermal limit or the voltages are out of limits without the presence of contingencies, the EPS is said to be in the emergency state, and it is necessary to use the so-called corrective control actions to return it to its normal state.
The following are some of the key control actions that can be used to recover the normal state of an EPS: P. Martín is with Red Eléctrica de España, 28109 Alcobendas, Madrid, Spain (e-mail: pmartin@ree.es).
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• redispatching active power of generators: this action is used to change active power flows.
• adjustments of controllable voltage magnitudes, which allow modifying bus voltages and reactive power flows.
• adjustments of transformers tap-changer positions, giving rise to variations of both power flows and voltages.
• reactive compensation, connecting or disconnecting voltage control elements (reactors and capacitors); in this case, voltages are changed by locally increasing or decreasing reactive power consumption.
• switching maneuvers to change the EPS topology and modify power flows and voltages.
• adjustment of phase-shifters angle, modifying power flows and removing or alleviating thermal overloads.
• load curtailment to reduce power flows, only used when there are no other resources available. The main objective of this work is to introduce a new algorithmic approach to design the control actions that allow an EPS to return to its normal state of operation from any other state and, by using a limited number of control actions, to provide solutions sufficiently adapted to practical needs.
A. Related Work
The determination of corrective and preventive control actions in an EPS is addressed in the literature by means of different methodologies. When corrective control actions are the main concern, it is quite common to use optimal power flow algorithms (OPF). OPF algorithms take constraints into account and optimally determine all of the EPS control variables. Reference [4] introduces an OPF algorithm enhanced and optimized to handle discrete control variables. In [5] , a new OPF is proposed to increase power system security margins by means of re-dispatching generator outputs. Reference [6] makes use of a method to remove overloads in the IEEE Reliability Test System (RTS). Constraints are taken into account in order to improve the stability of the EPS. Reference [7] focus on the calculation of generation redispatches by means of a minimum number of control actions to recover the normal state of the EPS. The performance of the proposed method is assessed in three different EPSs: Nordic 60-bus, standard IEEE 118-bus and a RTE 618-bus. Another OPF example is given in [8] , applied to the removal of the overloads in a modified IEEE 30-bus test system.
The scope of SCOPF algorithms is broader than that of OPF algorithms because they allow to calculate both corrective and preventive control actions. These algorithms solve an optimal power flow in which security constraints are also taken into account in order to recover the EPS normal state, no matter what the previous state (alert or emergency) may be. Reference [9] 0885-8950 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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provides a full review of the state of the art in the field. The main challenges identified by this work are the following: the need of a limited number of control actions, the need to reduce the problem size, the modeling of voltage and transient stability constraints, the handling of discrete control variables, and the increasing levels of uncertainty in the operation and planning of the EPS. For example, [10] solves an SCOPF taking uncertainty into account. In [11] a new iterative method is described and tested in three systems of 60, 118, and 1203 buses, respectively. The size of the problem is reduced by using a contingency filtering technique. In [12] , an application of these algorithms to the calculation of control actions is introduced and applied to the IEEE 30-bus. A similar application is presented in [13] , solving the OPF by means of the generalized Benders decomposition (GBD) and testing the model's performance on the IEEE 118-bus. In [14] , an evolutionary algorithm is used to solve an SCOPF problem, and its performance is assessed on the IEEE 30-bus system. As demonstrated in [15] and [12] , linear programming (LP) is a proper and computationally efficient technique whenever control actions are to be calculated. This efficiency allows to address realistic size problems and develop real time applications that yield results within a reasonable time. Graph theory and model predictive control (MPC) have also been applied to the computation of control actions. Reference [3] introduces an algorithm based on directed acyclic graphs (DAG) that computes preventive control actions (including generation redispatch, switching, reactive compensation and load curtailment), checking its performance on the IEEE 30-bus. Finally, in [16] an MPC model is used to determine the optimal sequence of control actions. The validity of this approach is tested on a custom 4-bus EPS.
Last but not least, evolutionary algorithms (EA) have been widely applied to the calculation of control actions. One of the main advantages of this kind of algorithms is that they provide a whole population of alternative solutions to the problem. A comprehensive review of EA applied to EPSs can be found in [17] , making clear the increasing interest and usefulness of these techniques. In [18] an EA is proposed to calculate the switching maneuvers necessary to remove the overloads of a German 73-bus EPS. Microgenetic algorithms ( GA) are introduced as a feasible option to the calculation of redispatches, switching, reactive compensation and load curtailment. Their performance is checked on a Central African 58-bus EPS. Genetic algorithms are also efficient for the identification of EPS's critical contingencies and its posterior fixing by means of control actions [19] . In [20] , the calculation of corrective control actions is accomplished by means of a multi objective genetic algorithm (MOGA), that behaves successfully in both IEEE 5-bus and 14-bus EPSs. Reference [21] proposes a hybrid computational strategy which combines an evolutionary algorithm and an interior-point method. This model is tested on the IEEE 14-bus and 118-bus test systems.
B. Justification
The complexity of the problem addressed by this paper is due mainly to the nonlinear and multi-objective nature of the objective function together with the large number of constraints.
These are the main reasons why this field of research is still open. The following are some of the drawbacks of the models proposed to date.
• Unique solutions: most algorithms, apart from EAs, return a unique optimal or suboptimal solution. For problems such as these, there exist many feasible solutions, and it is desirable that the algorithm offer a set of alternative solutions, leaving the final decision to be made by an expert.
• Modular approach: in general, out of limit voltages and overloads are addressed independently. Therefore, the control actions used to remove voltage violations may worsen the overload problem and viceversa.
• Unfeasibility: despite the mathematical correctness of the given solutions, the movement of a large number of controls is unrealistic when only a small number of limit violations are identified. For these reasons, the authors consider justified the research on new algorithmic approaches that help alleviate some of these limitations.
A drawback of our approach is its computational burden. It is true that evolutionary algorithms are very flexible and capable of incorporating multiple objectives in a graceful way. Alternative approaches such as linear programming or Benders decomposition are faster in general. However, the combination of a power flow algorithm together with the evolutionary pressure alleviates the problem and, in fact, ECPA can be applied to real size networks with of a modest increase in the number of evaluated power flows.
The remainder of this paper is organized as follows. The problem is formulated in Section II as an optimization problem with multiple constraints. Section III provides a description of the proposed algorithm, including each of the operators. The results of the tests are discussed in Section IV. Finally, in Section V, the conclusions and future research path are presented.
II. PROBLEM FORMULATION
Our approach is the following: given an EPS for which a security analysis has identified voltage violations or overloads, the goal is to find a set of control actions that eliminate or at least alleviate those violations in order to restore the normal state of operation.
Let us consider an EPS with buses, branches, and generators. From an static point of view, the EPS is in its normal state if, with or without the presence of contingencies, the flows through the branches remain within the thermal limits :
(
and the voltage in all of the buses is above a minimum value and below a maximum value :
From the list of available control actions introduced in Section I, only the following will be taken into account: modifications of active power in the generators, controllable voltage magnitudes and transformer tap ratios. The active power values 
Also, the reactive power values of the generators must lie between their operating limits ( and ):
Finally, the transformer tap ratios must lie between their operating limits ( and ): (5) where is the total number of transformers in the EPS. A solution to the problem may be coded in the following way:
(6) where maximum number of active power changes; maximum number of controllable voltage magnitude changes; maximum number of modifications of transformer tap ratios.
As an example, a solution with , and is shown in Table I .
As the example of Table I makes clear, some of the active power changes may be null, i.e., it is not necessary to modify all of the generators involved in the solution. For instance, the active power of generator 3 is not changed. Thus, the maximum number of generators , controllable voltage magnitude changes and modifications of transformer tap ratios , are upper limits which may not be necessarily reached. This simple but flexible codification allows to generate more realistic solutions than other conventional approaches. Finally, the economic cost incurred by each solution is taken into account. The total cost of a given solution is defined as the sum of the costs of each specific modification as (7) As expected, among all of the solutions to a given problem fulfilling (1)-(5), the preferred ones are those minimizing (7) . The upper limits on the number of control actions together with the minimization of the cost (7) will encourage the evolution of as simple solutions as possible, i.e., solutions with as few control actions as the process can reach.
III. EVOLUTIONARY APPROACH
This paper introduces a new genetic algorithm [22] with a set of improvements designed to better calculate the set of control actions in a more realistic way than other approaches. Genetic algorithms are optimization algorithms that work with a population of individuals, where each individual is a coded solution to the optimization problem. The initial population is generated randomly while taking the operative limits (3)- (5) into account. They simulate the evolutionary processes of selection, recombination and mutation, and let the candidate solutions in the population compete for room in future generations.
A fitness function is needed to determine the relative merit of each individual. The probability of selection of an individual is proportional to its fitness value. This guarantees that the better the fitness of an individual the higher its probability of becoming parent of future offspring. Recombination is the process of generating new offspring from previously selected parents. The codes of the parents are combined to yield new codes, i.e., new individuals. Mutation alters one or more characteristics of one individual giving rise to a new one which can differ in fitness value. Appendix A contains the pseudocode of ECPA. Next, a detailed description of each of its components is given.
A. Fitness Function
The objective function to maximize is the following: (8) where is the solution (6) ; is the total number of factors to consider, 9 in this work, is the normalized overload improvement, calculated as follows: (9) where and are the sum of the square of the overloads present in the EPS before taking any control actions and after taking the control actions , respectively:
where is the total number of overloads in and and are the flow and the thermal limit of branch , respectively.
is the normalized overvoltage improvement, calculated as follows: (11) where and are the sum of the square of the overvoltages present in the EPS before and after taking the control actions, respectively, (12) where is the total number of overvoltages in and and are the voltage and maximum voltage of bus , respectively.
is the normalized undervoltage improvement, calculated as follows: (13) where and are the sum of the square of the undervoltages present in the EPS before and after taking the control actions, respectively, and given as follows: (14) where is the total number of undervoltages in and and are the voltage and minimum voltage of bus , respectively.
represents the improvement in the violations of reactive limits in generators, calculated as follows: (15) where and are the sum of the square of the reactive limit violations in the generators present in the EPS before and after conducting the control actions, respectively, and are given as follows: (16) where is the total number of reactive limit violations in and is the magnitude of the reactive limit violation of generator i, calculated as follows:
where is the total cost (7) of the applied control actions specified by solution and is the maximum cost above which the contribution of factor to the fitness function is null.
B. Selection
The selection operator identifies good solutions based on their fitness value for later recombination. More specifically, tournament selection is used in this paper because of its simplicity and efficiency [24] . In order to generate two parents, a couple of individuals is randomly chosen from the population. This couple takes part in a tournament, i.e., the individual with higher fitness becomes one of the parents. This process is repeated one more time to generate the other parent.
In order not to lose the best individual in the population, elitism is applied [25] . The best individual is always allowed to pass from the current generation to the next.
C. Recombination
The recombination operator of the algorithm acts on two individuals to generate one offspring. The individuals are modeled as sets because the order of the power variations is totally irrelevant. This allows to use the random equivalence recombination operator (RER), based in form theory [26] . The goal in the design of the RER operator is to select a random child from the set of all candidate solutions which, for each basic equivalence relation, are equivalent to some parents. Recombination is applied with probability . The algorithm pseudocode is included in Appendix B.
D. Mutation
Four mutation operators are applied with probabilities , ,
, and , respectively. The first one starts by randomly selecting two generators and . First, a Gaussian perturbation is applied to the active power of the first generator . Then, the second generator is subject to a modification with the same absolute value of the Gaussian perturbation but opposite sign. In this way, the power balance of the solution is maintained.
The deviation is calculated taking into account the generation limits of the mutated generators ( , , , and ), and a parameter which adjusts the range of the perturbation as follows: (19) where (20) (21) are the upward power reserves of generators and , and (22) (23) are the downward power reserves of generators and , where is the active power output of generator , and is the active power output of generator . The operative limits of the generators (3) are guaranteed by applying (19) - (23) inside of the mutation operator. The second mutation operator acts on a different level. Instead of mutating the active power of a couple of generators, this operator replaces one of the generators in the individual with another from the EPS. Two conditions have to be met.
• In order to maintain the power balance of the individual, the active power output of the new generator must be equal to the value of the replaced one. The operative limits (3) of the new generator are checked.
• The new generator and the replaced one must belong to the same geographical area, so to encourage local changes. The third and fourth mutation operators work in the same way as the first mutation operator, modifying controlled voltage magnitudes and transformer taps ratios, respectively. Operative limits (4) and (5) are taken into account as in the first mutation operator.
IV. NUMERICAL RESULTS

A. Test Systems
The algorithm has been tested with the IEEE 30-bus (Fig. 1) and with the IEEE 118-bus test systems. The generation, transmission and load data of the IEEE 30-bus system have been taken from [12] . The IEEE 118-bus test system's data have been obtained from [21] and [27] . A summary of the features of the systems is provided in Table II .
B. Experimental Setup
The performance of ECPA in the design of corrective and preventive control actions has been measured in terms of the following indicators:
• initial and final status of the controls;
• values of limits violations before and after applying the control actions; • generation costs. More specifically, the generation cost of each generator in solution is calculated as follows: (24) where is the active power generation of generator number , and the cost coefficients , and are defined in [12] for the IEEE 30-bus test system, and in [27] for the IEEE 118-bus test system. Three different scenarios have been considered in the simulations:
• Corrective control actions (Section IV-D). The results obtained with ECPA are compared with those from [12] , [14] and [28] for the IEEE 30-bus test system. A sensitivity analysis is performed with the IEEE 118-bus test system to assess the impact of ECPA's upper limits (maximum number of active power changes and controllable voltages) on the final solution of corrective control actions.
• Preventive control actions (Section IV-E). The ECPA's results for the IEEE 30-bus test system are compared with the results from [12] , [14] and [28] . Additionally, the results of ECPA for the IEEE 118-bus test system are compared with those from [21] .
• Computational requirements and scalability (Section IV-F). The ECPA's computational burden for the IEEE 30-bus system is compared with that from [14] and [28] . The computational burden for the IEEE 118-bus is also analyzed. More specifically, the convergence of the fitness function is compared with that of [14] and [21] .
C. Initial Parameter Setting
Table III depicts the parameters of the evolutionary algorithm, including a short description in the first column, the symbol in the second column, and, finally, the type of data in the third column.
In order to find the optimal values of the parameters, a multivariate gradient descent algorithm (see Appendix C for details) TABLE II  MAIN CHARACTERISTICS OF THE POWER SYSTEMS   TABLE III  PARAMETERS OF THE EVOLUTIONARY ALGORITHM   TABLE IV  OPTIMAL VALUES OF THE PARAMETERS (INTEGERS)   TABLE V  OPTIMAL VALUES OF THE PARAMETERS (REALS) has been applied to the IEEE 30-bus test system. The initial values of the parameters were taken from [14] . Tables IV and  V show the results of this calculation for corrective control actions (N), and preventive control actions (N-x). 
D. Results of Corrective Control Actions
This section focuses on the results obtained from corrective control actions. Table VI displays the initial and final values of the control variables for the IEEE 30-bus test system according to [12] , [14] , [28] and ECPA. The first column of Table VI is the name of the control variable. The second column is the initial value of the control variable, which is the same in all cases. The following four columns are the final values of the control variables in the three references used for comparison and ECPA, respectively.
It is important to notice that in the method proposed in [14] , no transformer tap adjustments are used, and therefore all of the values of these control variables remain constant. In ECPA, one power generator, three controllable bus voltages and one transformer tap ratio are kept constant in the solution, which is an advantage over the other methods.
There are no limit violations in the test system neither before nor after the application of the corrective control actions. There are no available data regarding generators reactive limit violations in [14] .
Finally, Table VII includes the initial and final value of the generation cost.
On the basis of these results, it can be concluded that the proposed method produces the minimum generation cost. The authors want to emphasize that ECPA, due to its evolutionary nature, yields a whole set of alternative solutions. A human operator can benefit from this set of solutions before taking a final decision. In order to assess the impact on final solution of the upper limits on the number of corrective control actions, 10 simulations for the IEEE 118-bus test system have been conducted. The simulations have been defined by combining the values of the maximum number of active power changes and the maximum number of controlled bus voltages , as shown in Table VIII . All of the system's data and generation cost coefficients in this test case have been obtained from [21] and [27] .
The first column of Table VIII is the simulation's number. The second and third columns are the maximum number of active power changes and the maximum number of controllable voltage buses , respectively. The fourth column is the actual number of active power changes in the best individual of the simulation. The fifth column is the actual number of controllable voltage bus changes in the best individual. The sixth column depicts the total generation cost in $/h for the best individual of the simulation.
The best individuals of all of the simulations are free from limit violations. Furthermore, in all of the simulations, ECPA yields lower generation costs than the one published in [21] , which is 130191.3 $/h for the OPF case. The minimum generation cost is reached in simulation number 2. This comes as no surprise since it is the solution with the highest number of actual controls in the simulation. From the third simulation onwards, as limits are reduced, simpler solutions are obtained but at a higher generation cost. Despite the higher generation cost, the simplicity of the solution can become very attractive for the system's operator. Table IX shows the best solution obtained from simulation number 2. Active power changes with respect to base case values are given in [MW] , and changes in controllable voltage buses are given in pu. Security limits and original values of control variables are available in [21] and [27] . 
E. Results of Preventive Control Actions
33 contingencies are specified for this simulation, each one involving the outage of one of the branches in the IEEE 30-bus test system. The notation in Tables XI and XII indicates the outage of the branch from bus to bus , denotes an overload in the branch from bus x to bus y, indicates a voltage violation (high or low) in bus and represents a reactive limit violation of the generator in bus . Table X displays the final status of the control variables that have been used in the three references and in ECPA. The first column of Table X is the name of the control variable. The following four columns are the final values of the control variables in the three references used for comparison and the proposed algorithm, respectively. The method proposed in [14] makes use of four thyristor controlled series capacitors (TCSC) as additional control variables. The location and the optimal values of the setting of the TCSC are fully described in [14] .
As was the case in the previous section, no transformer tap adjustments are used in [14] , and therefore this control variable remains constant.
Tables XI and XII show the limit violations under contingency, as a result of a security analysis performed before applying any preventive action.
After applying the preventive control actions that have been calculated with ECPA, there are no limit violations in the EPS. This is also the case in [12] , [14] and [28] , and therefore no distinctions can be made with respect to this issue. Table XIII includes the final value of the generation cost. ECPA is only outperformed by the one proposed in [14] , in which additional control variables have been used.
ECPA's performance for preventive control actions has also been evaluated for the IEEE 118-bus test system. For this purpose, a comparison between the results published in [21] and those for ECPA has been made. All of the system's data, generation cost coefficients and security limits have been taken from [21] and [27] . The total generation cost in the base case is 130191.3 $/h, and the status of control variables (active power changes) and the results from the initial N-1 security analysis for the base case are given in [21] . Table XIV compares the final active power values of the generators in [21] with those of ECPA. The first column is the name of the generator. The second and third columns are the final active power values of the generators in [21] and ECPA, respectively. The values in brackets correspond to those generators whose values have changed with respect to the original base case value. The fourth, fifth and sixth columns have the same information as the first, second and third columns, respectively.
It can be seen in cost of the solution proposed in [21] is 131026.6 $/h, while the total cost of ECPA's solution is 130933.0 $/h. In addition, the solution of [21] contains two unsolved contingencies ( and ) versus none in ECPA.
F. Computational Requirements and Scalability
Here, ECPA's computational burden for the IEEE 30-bus system is compared with that of two other evolutionary approaches. At the end of the section, ECPA's behavior on the IEEE 118-bus system is addressed.
In order to assess the computational burden of the new algorithm, a comparison between ECPA and the evolutionary methods published in [14] and [28] has been conducted. For this purpose, the number of power flow evaluations before reaching a solution in the IEEE 30-bus system has been considered. The system's data are obtained from [12] as was done in previous simulations. The results of this comparison are provided in Table XV. In the SCOPF case, represents the number of evaluated contingencies. These figures prove that ECPA's performance is of the same order of magnitude as that of the other evaluated approaches.
ECPA has also been applied to the IEEE 118-bus test system, whose data are obtained from [21] and [27] . The purpose of this experiment is to test the performance of the new algorithm in a larger scale system. A set of ten OPF and five SCOPF cases have been solved. One hundred eighty-six contingencies have been considered in the SCOPF case. Table XVI shows the average number of power flow evaluations required to achieve a solution. represents the number of contingencies in the SCOPF case.
The data from Tables XV and XVI show that ECPA solves OPF and SCOPF problems in the IEEE 118-bus system with a modest increase in the number of power flows. Fig. 2 shows the evolution of the fitness value during a typical ECPA-SCOPF run for the IEEE 118-bus system. The convergence rate is very fast and a reasonable solution is obtained after only 20 generations. This convergence behavior is similar to the one published in [21] for the IEEE 118-bus system and outperforms the results published in [14] .
V. CONCLUSION
This paper introduces a new method of removing thermal overloads and voltage limits in an electric power system by means of the ECPA. The upper limits on the number of control actions together with the minimization of the cost function makes this algorithm find solutions with fewer control actions than other approaches. In addition, the numerical results confirm the effectiveness of ECPA. For example, in the corrective case and for the IEEE 30-bus system, the cost incurred by the best solution is below the best results that have been obtained in the literature, and fewer control actions are needed. In the preventive case, the proposed method is only surpassed by one work in which additional control variables have been used. Since ECPA is a genetic algorithm, the final solution is a whole population of individuals, which allows users to choose among alternative options. ECPA's computational burden for the IEEE 30-bus system is similar to that of other evolutionary alternatives. The method has also been applied to the IEEE 118-bus system. In this larger scale network, the number of evaluated power flows is only slightly increased. Our future work will focus on the extension of the algorithm to a multi objective version.
APPENDIX A PSEUDOCODE OF A GENETIC ALGORITHM
The following algorithm adapts a population (t is the iteration number) of individuals or solutions : The algorithm iterates until a stopping condition is reached, the simplest of which may well be "a fixed number of iterations is achieved." The function named Evaluate calculates the fitness of each individual in the population, which has to be maximized. Function Select makes use of these fitness values in order to create a pool of individuals that will be later used by function Modify in order to create the next population of individuals.
APPENDIX B RER OPERATOR
The random equivalence recombination operator allows to generate a new individual with size from two parents and of the previous population, in the following way. 
19: end while
Notice that, in order to calculate in point number 13 above, ECPA is run times because is the mean best fitness value. is the maximum number of iterations used. It has been set to 30 for corrective actions and 20 for corrective and preventive actions.
